As long-distance races have substantially increased in popularity over the last few years, the improvement of training programs has become a matter of concern to runners, coaches and health professionals. triaxial accelerometers have been proposed as a one of the most accurate tools to evaluate physical activity during free-living conditions. In this study, eighty-eight recreational marathon runners, aged 30-45 years, completed a marathon wearing a GENEActiv accelerometer on their non-dominant wrist. energy consumed by each runner during the marathon was estimated based on both running speed and accelerometer output data, by applying the previously established GENEActiv cut-points for discriminating the six relative-intensity activity levels. Since accelerometry allowed to perform an individualized estimation of energy consumption, higher interpersonal differences in the number of calories consumed by a runner were observed after applying the accelerometry-based approach as compared to the speed-based method. Therefore, pacing analyses should include information of effort intensity distribution in order to adjust race pacing appropriately to achieve the marathon goal time. Several biomechanical and physiological parameters (maximum oxygen uptake, energy cost of running and running economy) were also inferred from accelerometer output data, which is of great value for coaches and doctors.
Running a marathon has rapidly become one of the most popular activities nowadays as shown by the number of amateur participants with hundreds of marathons worldwide 1, 2 . It is well-known that running a marathon is one of the most challenging endurance competitions 3, 4 . As a result of recent research focused on improving training programs, which aimed to avoid soreness and prevent energy deficit during ultraendurance races 5 , the number of runners crossing the finish (ultra)marathon line has significantly raised over the past few years 6, 7 . For example, a total of 3,388 runners more finished the Valencia Fundación Trinidad Alfonso EDP Marathon in 2018 as compared to the 2016 edition (19, 246 versus 15,858 finishers, respectively) 8 .
In their way towards the improvement of marathon time, recreational runners are surrounded by a wide range of professionals in order to achieve their objectives 9, 10 . Consequently, many studies has been focused on developing different methodologies to evaluate factors affecting running performance, such as the pacing strategy 2, 11 , the energy consumption [12] [13] [14] , the maximal oxygen uptake  V ( O )
Results
A detailed description of individuals included in this study is summarized in Table 1 . The accelerometer output data allowed us to analyse the effort distribution that runners followed to achieve their marathon time, by means of the time running at each one of the six related-intensity levels (sedentary, light, moderate, vigorous, very vigorous and extremely vigorous activity) during the marathon. Values established for delineating the six-relative intensity levels of physical activity are detailed in Table 2 .
For all individuals, we estimated the energy cost of running a marathon, presenting the caloric consumption for each one of the 9 marathon sections as well as for the full marathon distance (Tables 3 and 4 ). The calories consumed by each runner were calculated based on both accelerometer data (Table 3) , as previously described by our research group 25 , and running speed (Table 4) , following the methodology proposed by Ainsworth and cols 12 . The aim of applying also the speed-based method 12 in the estimation of energy consumption was to compare the results obtained with accelerometer devices 25 . Note that a gold standard method for energy quantification in long distance races has not been defined yet.
Except for the last race section, a higher number of calories was estimated to be consumed by a runner when the accelerometry-based method was applied, as compared to the caloric consumption estimated by using the speed method (Table 4 ). It is worth highlighting that a greater variation of calories consumed per each individual was observed after using accelerometry for energy cost estimation, rather than running speed (shown by higher standard deviation values). The reason of this difference is due to the fact that the accelerometer-based method takes into account the variability across individuals in terms of energy consumption, while speed-based method tends to standardize values for all subjects 26 . Although no significant differences between energy consumption and marathon time were observed ( Fig. 1 ), correlation analysis showed that the accelerometry-based method tended to increase the number of calories consumed by the runner with marathon time (ρ = 0.179, p = 0.094). However, the Ainsworth's method seemed to present a negative correlation between the caloric consumption and marathon time ( Fig. 1 ). This correlation was also no significant (ρ = −0.137, p = 0.202).
For a better comparison between methods, the energy consumed by runners was expressed as a relative rate in kilocalories per kilogram of body mass either per minute 12, 26 or per kilometer 17, 27 , and as the number of times consuming his/her Basal Metabolic Rate (BMR) 26, 28 (Table 4 ). The results of this comparison denoted statistically significant differences in the energy estimated to be consumed by runners after applying the accelerometry-and speed-based method. That was observed in each one of the 9 race sections as well as in the full marathon distance (Table 4) .
Accelerometer output data allowed us to know the physical effort distribution of runners during the marathon, in terms of physical activity intensity. That is, we were able to identify and quantify when a runner is racing at each one of the six relative-intensity activity levels (sedentary, light, moderate, vigorous, very vigorous and extremely vigorous) 25 . Therefore, following the values established in Table 2 , the percentage of VO 2 max  produced per each runner was estimated, and this allowed then to calculate the energy of cost running above standing (Cr net ) 28 (Table 5) .
A negative correlation between the relative energy consumed and the marathon time was observed when energy consumption was expressed as kilocalories per kilogram of body mass per minute. This negative correlation was enlarged when the speed-based method was applied (ρ = −0.976, p = 1.12 × 10 −58 ), in comparison with the accelerometry-based method (ρ = −0.307, p = 0.004) ( Fig. 2 ). When the relative rate of energy consumption was expressed per distance (kcal·kg −1 ·km −1 ), the energy expended by runners was positively correlated with the marathon time after using accelerometry (ρ = 0.402, p = 1.01 × 10 −4 ). No significant correlation was observed between energy consumption (expressed as a relative rate per kilogram of body weight per kilometre) and time when speed-based method was applied (ρ = −0.200, p = 0.062).
Discussion
In this study, we aimed to estimate the energy consumed by middle-aged recreational marathoners during a marathon race (a free-living condition) using accelerometry-based devices 25 . In our opinion, the application of accelerometers should be useful to minimize the interpersonal differences in energy consumption caused by physiological and biomechanical parameters and, therefore, to perform an individualized estimation of energy consumption.
Up to now, the viability of accelerometers to measure  VO 2 in combination with other devices, such as pulsometers or global positioning system (GPS) devices, has been analysed under laboratory conditions [29] [30] [31] . Accelerometers have also been used to monitor athletes and infer their physical activity level 24, 32, 33 . However, accelerometry-based devices had not been applied so far for estimating the energy consumed by a runner in a marathon race, under normal race conditions, yet. By applying the GENEActiv cut-points for discriminating the six relative-intensity activity levels in recreational marathoners (previously established in a lab-based study by our research group 25 ), we were able to know the amount of time that a runner was running at a specific relative-intensity level (sedentary, light, moderate, vigorous, very vigorous and extremely vigorous activity)
Relative-intensity levels of physical activity #
Reference values established for each intensity level by Hernando et al. 25 Values used for energy consumption estimation VO Table 2 . Values established for delineating the six-relative intensity levels of physical activity. Abbreviations: N, number of individuals;  VO 2 max , maximum oxygen consumption; VO 2  , oxygen consumption; MET, metabolic equivalent task. Each minute of the cardiopulmonary test was classified into one of the six intensity categories of physical activity relative to an individual's level of cardiorespiratory
used to classify each one of the six relative-intensity categories.
during the marathon. Accordingly, the energy consumed by the runner along the race sections and the full marathon distance was estimated.
Differences in the estimation of runners' energy consumption were observed between the speed-and accelerometry-based methods. These differences lie in the ability of the accelerometer output data to determine the physical effort distribution of each runner during the marathon, in terms of physical activity intensity [34] [35] [36] . Therefore, accelerometers are able to perform an individualized estimation of energy consumption. Note that several physiological and biomechanical factors that are unique to the individual have been shown to affect the running efficiency among runners at the same steady-state speed 16, 27, 37 . This fact pointed up that estimating the energy consumption of a runner based uniquely on his/her running speed might be insufficient and that it might be advisable to apply a correction factor for adjusting for individual differences when estimating the energy cost of, at least, moderate/vigorous physical activities 26 . The speed-based approach, proposed by Ainsworth and cols 12 , analyse the marathon pace of a runner without taking into account the runner's effort to race at this speed. Fewer interpersonal differences in the number of calories consumed by a runner were then observed with the speed-based method as compared to the accelerometry-based approach. For example, two individuals racing at identical speed and having equal body mass are estimated to present the same energy cost after applying the www.nature.com/scientificreports www.nature.com/scientificreports/ speed-based method, although their physical efforts are completely different according to accelerometry data. Nevertheless, note that, as in the speed-based methods, accelerometry is not able to perform an absolute quantification of the energy consumed by a runner and it is necessary, therefore, to combine different approaches, as well as to explore other technologies, in future work.
In this regard, accelerometer data collected for each runner was thoroughly analyzed in order to compare effort distribution between the fastest and the slowest runner of our dataset ( Table 6 ). Note that the fastest runner was almost running at very vigorous intensity level, showing a good control of physical effort along the full marathon distance. In contrast, the effort distribution of the slowest runner was far from being well-balanced 2, 38, 39 . In fact, the accelerometer data revealed a considerable decay of the intensity level at which the slowest runner performed after completing 30 km (running at a moderate intensity from an extremely vigorous level). This was a consequence of the high physical effort sustained by the runner from the beginning of the marathon line, which reveals the importance of controlling effort distribution in a marathon race. In short, our results suggest that future pacing analyses should include information of effort intensity distribution in order to adjust race pacing appropriately to achieve the marathon goal time.
Thanks to accelerometer output data, we were also able to estimate the percentage of  VO 2 max produced per each runner, and afterwards the energy of cost running above standing (Cr net ) 28 , at each of the 9 marathon sections as well as at the full marathon distance. These physiological parameters seem to explain up to 87% of the long distance race performance 27 . In addition, the accelerometry-based approach also allowed us to extrapolate the running economy of each runner, which is considered an important physiological measure for long distance runners 37, 40 . It is thought that a variety of biomechanical characteristics are likely to contribute to having interpersonal differences in the running efficiency, such as the running technique, the elastic power of the muscle-tendon unit, or the amount of ground contact and vertical oscillation when running 41 .
As results shown, the fastest runner seemed to present a better efficiency of movement than that presented by the slowest runner. That is, the energy demanded for a given running velocity was lower by the fastest runner as compared to the slowest runner. In fact, the average energy cost of marathon running was 3.31 J·kg −1 ·m −1 for the fastest runner (whose average speed was 237.05 m·min −1 ), while it was 4.59 J·kg −1 ·m −1 for the slowest runner www.nature.com/scientificreports www.nature.com/scientificreports/ (whose average speed was 152.88 m·min −1 ). Apart from physiological parameters, these differences may be also resulted from biomechanical efficiency, which is influenced by anthropometric parameters, kinematic characteristics and running style 37 .
This suggests that the design of training sessions for the slowest runner by his coach should focus on improving his running style and muscle strength, and subsequently his performance. The useful information offered by accelerometers (distribution of physical effort in free-living conditions and inference of physiological parameters as Cr net or %  VO 2 max ) should become more and more important as race distance increase 42 . Application of accelerometers to monitor ultratrail runners may be useful not only for adjusting race strategy, which is crucial for achieving performance goals 2, 27, 43, 44 , but also to monitor training sessions and recovery time. Indeed, both long-term data collection and wrist watch-like format are valuable characteristics of accelerometers since data can be continuously collected for a long period of time (more than a week) without causing any physical discomfort to ultraendurance runners 45 .
However, values of all physiological parameters analyzed in this study were merely estimations based on accelerometer data, and were not directly measured 46 . It is quite difficult, if not impossible, to perform a direct measurement of VO 2  on a marathon race, an extremely demanding free-living condition. This makes difficult to find a gold standard method for quantifying calories consumed by an individual when she/he is performing a physical activity. That is the reason why indirect measurement methods (such as heart-rate recording devices 14, 47 , pedometers 48, 49 and accelerometers 14, 34, 36 , or their combination 29, 30, 50 ) are normally applied. Another limitation of our study is related to the protocol followed to estimate energy consumption according to the range of % VO 2 max  delimiting each relative-intensity activity level. Estimations can present a maximum error of 10%, since the median value of the %  VO 2 max range was used for energy calculations (as shown in Table 2 ). Having said that, our results indicate that accelerometry-based method allows to both identify the individual's levels of physical activity intensity during the marathon race and estimate an individualized energy consumption.
In summary, overall the results in this study lead us to believe that GENEActiv. accelerometer is an accurate tool for estimating the energy consumption of middle-recreational marathoners running a marathon, an extremely demanding free-living physical activity. Accelerometer-derived data was useful to evaluate the effort intensity distribution along the race, by means of the time running at each six related-intensity levels (sedentary, light, moderate, vigorous, very vigorous and extremely vigorous activity), and subsequently to estimate the energy consumption. Therefore, accelerometers may be extremely useful for both athletes and coaches who need to evaluate the race strategy to achieve marathon final time, but also to monitor training sessions and assess performance level progression needed to reach a goal. Several physiological and biomechanical parameters that can be inferred from accelerometer output data may also support coaches to design specific training sessions according to runner's characteristics. Furthermore, the ability to perform an objective assessment of a runner's fitness level, as well as energy consumption, in the context of free-living movement indicates that accelerometry-based devices may be of great value to sport medical professionals.
Since accelerometry-based data is thought to be valuable for monitoring runners along ultra-trail races, future studies determining cut-off points for quantifying energy consumption would help in the race strategy in terms of food and fluid intake on race day (a key factor for performance success). Note that these future studies must take into account that biomechanics and physiology of downhill and uphill running, as well as the energy cost of running, may differ. ethics statement. All individuals included in the current study were fully informed and gave their written consent to participate. The research was conducted according to the Declaration of Helsinki, and it was approved by the Research Ethics Committee of the University Jaume I of Castellon. This study is enrolled in the ClinicalTrails.gov database, with the code number NCT03155633 (www.clinicaltrials.gov).
Methods
Data collection and analysis. Four weeks before the marathon, we made an appointment with all participants in order to collect anthropometric data, demographics, medical information, training program and competition history. Indeed, all individuals completed a cardiopulmonary test. Details of data collection, processing and analysis have been previously described 25 . Population description according to data collected is also available in our previous work 25 .
All participants were weighed one hour before the start of the marathon, wearing racing clothes and flats, by using a Seca 770 scale (Seca Hamburg, Germany). BMI was then calculated (height·mass −2 ).
For this research, all the participants underwent the same testing under the same experimental conditions. Participants completed the Valencia Fundación Trinidad Alfonso EDP 2016 Marathon, which was held in November with a mean dry temperature of 15.6 °C and a mean relative humidity of 50%. The race course altitude varied from 1 to 27 m above sea level.
During the race, participants wore a GENEActiv accelerometer (Activinsights Ltd., Kimbolton, Cambridgeshire, United Kingdom). The accelerometer was worn on the non-dominant wrist as a watch. Accelerometers were adjusted to record acceleration data at a rate of 85.7 Hz. Devices were calibrated by the manufacturer prior to use. Processing of acceleration data has been previously explained in detail 25 .
Data analysis. The marathon race was divided into 9 sections as follow: 6 sections of 5 km (0-5 km, 5-10 km, (40-42.195 km) . All data analyses were performed for each one of the nine marathon sections and for the whole marathon distance. Statistical analyses were done using the IBM SPSS Statistics v.23 software, and p-values lower than 0.05 were considered as statistically significant. Supplementary information includes raw data used in this study. www.nature.com/scientificreports www.nature.com/scientificreports/ Firstly, accelerometer-derived data was used to determine the distribution of exercise intensity of runners along the marathon with the aim to estimate the calories consumed per each runner. The intensity levels of physical activity were established following the cut-off points delineated by Hernando and cols 25 . For calculating the energy cost, we used the median value of the range of %  VO 2 max delimiting each intensity category (Table 2) , except for the sedentary category where the standing oxygen cost (4.5 mlO 2 ·kg −1 ·min −1 ) was applied as reference value 28 . As unit of measurement, we considered that one MET is equal to 3.5ml O 2 ·kg −1 ·min −1 , and one MET is equal to one kcal·kg −1 ·h −1 . These equivalencies were applied in accordance with the determinations proposed by Ainsworth and cols 12 , and taking into account that all volunteers included in the study reported similar BMI (between 22.17 and 23.44 kg·m −2 ) and, therefore, differences in the percentage of fatty component among participants were absence 26, 46, 51 .
Accelerometers were also used to estimate the percentage of  VO 2 max produced per each runner. Briefly, the time racing at a specific intensity level was multiplied by its corresponding %  VO 2 max (Table 2) . A weighted average relative to the total time spent at each section, as well as at the full marathon distance, was then performed. Then, the VO 2net of each runner was calculated by subtracting the VO 2standing to the percentage of  VO 2 max estimated 17, 28 . Together with the running speed measured, the VO 2net was finally used to calculate the energy of cost running above standing (Cr net ), following the methodology proposed by di Prampero and cols 17 .
Next, the average running speed was used to calculate the caloric consumption of runners, following the methodology proposed by Ainsworth and cols 12 . The split-times in minutes were recorded for each one of the marathon sections electronically, and the average running speed of all sections and the whole marathon distance was calculated. Then, the running speed was associated with a specific MET value, which can be directly used to calculate the number of calories consumed by a runner 12, 19 .
Finally, the relative values of energy consumption estimated by the two models were compared. As the energy consumption depends on the person's body mass, the energy cost of each runner is presented as: (i) the calories consumed per kilogram of body weight per minute (kcal·kg −1 ·min −1 ), in order to obtain the effort intensity; 12, 19, 26 (ii) the calories consumed per kilogram of body weight per kilometer (kcal·kg −1 ·km −1 ), to infer the running efficiency of runners; 18, 27 and (iii) as the number of Basal Metabolic Rate (BMR) consumed, used as an indicator of the effort intensity degree above the basal metabolism 26, 28 .
The Kolgomorov-Smirnov test was used for testing data normality. Since variables were not normally distributed, all statistical analyses were performed by applying non-parametric statistical tests. The Mann-Whitney U test was used to compare the energy consumption values estimated by using the accelerometer-derived data and the relative running speed. Then, P-values were corrected for multiple comparisons by applying the Benjamini-Hochberg procedure for decreasing the False Discovery Rate.The Sperman's correlation test was applied to analyze linear association between two continuous variables.
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